Insulin-like growth factor-I and genetic effects on indexes of protein degradation in response to feed deprivation in rainbow trout (Oncorhynchus mykiss) CRUDE PROTEIN REPRESENTS ϳ17% of the wet weight of a rainbow trout (70) ; therefore, it is the largest component of the dry biomass. The protein pool is in constant flux, continually being synthesized and degraded in a process referred to as protein turnover. The ability to regulate rates of protein turnover can have a significant impact on growth, weight loss, and feed efficiency. During protein accretion, protein synthesis exceeds protein degradation (17) . During feed deprivation, protein degradation exceeds protein synthesis (40, 42, 53) , resulting in a net loss of protein. Protein turnover can also impact feed conversion, inasmuch as differences between rates of protein synthesis and rates of protein degradation are greater in fish that exhibit high feed efficiency than in less efficient fish (17) .
Insulin-like growth factor-I (IGF-I) is a hormone that increases weight gain in salmonids (44) . Similar observations in mammals are attributed to the ability of IGF-I to increase protein accretion through stimulation of protein synthesis (5, 14, 23, 75) and reduction of protein degradation (23, 50, 59) . In fish, stimulatory effects of IGF-I on protein synthesis have been reported (27, 49) , but the extent to which IGF-I mediates proteolytic pathways in trout is unknown. However, evidence suggests that IGF-I has a more integrative role in regulation of growth, development, and metabolism in trout than in mammals. Contrary to mammals, rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta) white muscle tissues have a higher abundance of IGF-I receptor protein and mRNA than insulin receptors (28, 45, 52) . IGF-I also exhibits greater specific binding (52) and stimulates greater nutrient uptake than does insulin in rainbow trout myosatellite cells (11) .
In feed-deprived salmonids, the reduction of plasma IGF-I (26, 77) and changes in abundance of IGF-binding proteins (56, 67) , which regulate IGF-I availability (34) , likely contribute to the fasting-induced reduction of cellular anabolic processes and subsequent promotion of protein catabolism. Mice (51) and rats (3) treated with IGF-I during short-term feed deprivation exhibit less weight loss than nontreated controls, which also suggests that the reduction of plasma IGF-I may be partially responsible for the onset of muscle atrophy during feed deprivation. The ability of IGF-I to induce signal transduction through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway in trout myocytes (10) suggests that the reduction of IGF-I signaling during feed deprivation may serve as a mechanism for upregulation of proteasomal ubiquitin ligases during feed deprivation in trout (65) , a model that is well established in mammals (22, 62) .
Regulation of protein turnover during feed deprivation occurs at the transcriptional and posttranslational levels. Microarray analysis of liver (61) and white muscle (57) transcriptomes from feed-deprived trout reveals clusters of protein synthetic and proteolytic genes that were regulated in response to fasting. Proteolysis has been shown to proceed through at least four pathways: a ubiquitin-proteasome pathway, a lysosomal cathepsin pathway, a calcium-dependent pathway involving calpains, and a pathway initiated by the apoptotic caspases. Specific proteolytic responses in white muscle include increases in the mRNA abundance of lysosomal cathepsins (57) , proteasomal ubiquitin ligases (65) , and calpain subunits (60) .
Effects of fasting on expression of caspases in trout white muscle have not been established. Despite the fasting-induced increase in protein degradation in the liver (53) , the mRNA abundance of proteolytic genes in this tissue is generally decreased (61) , suggesting that the mechanisms responsible for the metabolic effects of feed deprivation are tissue specific and may also depend on posttranscriptional processes.
This study investigates the ability of IGF-I to affect weight loss during feed deprivation through the regulation of proteolytic genes in the white muscle of rainbow trout. Understanding how nutrient deprivation and IGF-I affect proteolytic pathways will improve our knowledge of how these pathways influence protein turnover. In addition, plasma growth hormone (GH) and IGF-I have been shown to associate with growth performance among rainbow trout families (37) . The integration of full-sibling families into the experimental design will determine whether genetic variation contributes to responses to feed deprivation and IGF-I.
MATERIALS AND METHODS
Animal husbandry. All rainbow trout were bred and housed at the National Center for Cool and Cold Water Aquaculture (Leetown, WV). Fish were kept in 114-liter tanks with a water exchange rate of 1.9 l/min. Inflowing water temperature was 12.5-13.8°C. Additional oxygen was supplied by an air stone purged with compressed air. All experimental procedures and protocols adhered to Animal Care and Use Committee guidelines and were approved by the Animal Care and Use Committee of the National Center for Cool and Cold Water Aquaculture.
Experimental design. Thirty-five tanks were stocked with two fish (ϳ1 yr old) from each of eight full-sibling rainbow trout families (16 fish per tank). Fish were tagged with passive integrated transponders for individual and family identification. Fish were fed 2% of total tank weight per day (Ziegler Gold, Ziegler Bros, Gardners, PA) during a 2-wk acclimation period. Tanks were randomly divided into five treatment groups (n ϭ 7): 1) day 1 sampling, 2) 14-day feed-deprived (FD), 3) 14-day FD ϩ saline, 4) 14-day FD ϩ IGF-I, and 5) 28-day FD. All treatment groups were deprived of food 2 days before the starting weight was obtained and throughout the course of the experiment. On day 1, fish from the day 1 sampling group were harvested using an overdose of tricaine methanesulfonate (MS-222, Western Chemicals, Ferndale, WA). Gastrointestinal contents from one fish per family per tank were evacuated, and the fish were frozen (Ϫ20°C) for future proximate analysis. From the second fish per family per tank, blood was drawn from the caudal vasculature into a heparinized tube, and white muscle was removed and immediately frozen in liquid nitrogen. Also on day 1, fish from the 28-day FD group were weighed and returned to their respective tanks. On day 2, initial weights were obtained from fish in the 14-day FD, 14-day FD ϩ saline, and 14-day FD ϩ IGF-I groups. Osmotic pumps (model 1003D, Alzet, Cupertino, CA) that released 0.9% NaCl or recombinant human IGF-I (25 g ⅐ kg Ϫ1 ⅐ day Ϫ1 ; National Hormone and Peptide Program, Harbor-UCLA, Torrance, CA), which has binding properties and effects similar to those of recombinant trout IGF-I in rainbow trout cell culture (12, 13) , were implanted in the peritoneal cavity through a 1-cm incision made ϳ2 cm anterior of the pelvic fin of anesthetized fish in the 14-day FD ϩ saline and 14-day FD ϩ IGF-I groups. The incision was closed with surgical staples and treated with triple antibiotic ointment. Fish from the 14-day FD, 14-day FD ϩ saline, 14-day FD ϩ IGF-I, and 28-day FD groups were harvested with a lethal dose of MS-222, and tissue was sampled as described above. Gastrointestinal tracts were empty for the 14-and 28-day samplings; therefore, the stomach contents did not require evacuation.
Proximate analysis. The comparative slaughter technique (29, 71) was used to determine treatment effects on the loss of dry weight and body fat and protein. This technique utilized the proximate composition of fish harvested on day 1 with the recorded initial wet weights of pit-tagged fish to estimate the initial dry weight and fat and protein content for fish before feed deprivation. These data were used to calculate the total dry weight and fat and protein loss. Initial dry weight (IDW) was calculated on an individual basis as follows: (IW‫ء‬DWI) ϭ IDW, where IW is initial weight (g) and DWI is average percent dry weight (g dry matter/g wet wt) of fish harvested on day 1. Final dry weight (FDW) was calculated as follows: (FW‫ء‬DW) ϭ FDW, where FW is final weight and DW is percent dry weight (g dry matter/g body wt). Dry weight loss (DWL) was calculated as follows: DWL ϭ IDW Ϫ FDW. Percent DWL was calculated as follows: [(IDW Ϫ FDW)/IDW]‫.001ء‬ Similar equations were used to calculate fat and protein loss.
Individual fish were cut into small pieces, frozen in liquid nitrogen, and homogenized in a blender. Homogenates were stored at Ϫ20°C until analysis. Dry matter was determined by subtraction of the sample weight difference before and after drying at 105°C for 3 h. Lipid analysis was completed with an extraction system (model XT10, Ankom, Macedom, NY) according to the manufacturer's suggested protocol. Protein content was determined using the Kjeldahl procedure (2).
3-Methylhistidine analysis. Heparinized blood was centrifuged at 5,000 g (4°C) for 10 min. The plasma was retained and stored at Ϫ80°C until sample analysis. For deproteinization of plasma, 100 l of plasma were mixed with 350 l of ice-cold methanol. Samples were vortexed and incubated on ice for 30 min and then centrifuged at 15,000 g (4°C). The supernatant was removed and stored at 4°C until derivatization. Samples were derivatized by modification of an existing procedure (72) . Stock derivatization solutions of 0.2 M o-phthaldialdehyde in methanol and 2% 2-mercaptoethanol in methanol were stored at Ϫ20°C. The working derivatization solution, a mixture of 10 l of o-phthaldialdehyde stock and 20 l of mercaptoethanol stock with 1 ml of 0.1 M sodium tetraborate, was made fresh daily and stored at 4°C. For sample derivatization, 50 l of deproteinized plasma were mixed with 50 l of derivatization solution, the sample was incubated for 2 min at room temperature, and 20 l were immediately injected onto a C18 column (5 m, 4.6 ϫ 150 mm, Acclaim 120, Dionex, Sunnyvale, CA) with a 4.3 ϫ 10 mm guard column. A modified elution protocol (74) with an electrochemical detection protocol (82) was used. The HPLC system contained a pump (model P680, Dionex), a manual injector (Rheodyne), and an electrochemical detector (model ED50, Dionex) with a gold electrode. Eluent A contained 12.5 mM phosphate buffer (pH 7.0) with 5 ml of tetrahydrofuran per liter. Eluent B contained 12.5 mM phosphate buffer (pH 7.0), acetonitrile, and tetrahydrofuran (53:40:7 by volume). Eluents were vacuum filtered and degassed by sonication before use. The flow rate was 1.2 ml/min, and the elution gradient proceeded as follows: 10% eluent B at 0 min, 40% eluent B at 4 min, 55% eluent B at 14 min, 100% eluent B at 19 min, 100% eluent B at 20 min, 10% eluent B at 22 min, and 10% eluent B at 32 min. Electrochemical detection settings were as follows: 10.0 Hz data collection rate and 0.70 V direct current. A standard curve was analyzed every other day with known concentrations of 3-methylhistidine (3-MH) in 50% methanol. Inter-and intra-assay variation was Ͻ5%. 3-MH recovery, which was determined by spiking a plasma sample with a known concentration of 3-MH and measuring the recovery against a standard curve, was 85-95%.
GH and IGF-I analyses. Plasma GH concentrations were measured using previously described RIA methods (54, 66) with recombinant salmon/trout GH and anti-salmon/trout primary antiserum (GroPep, Thebarton, South Australia). Concentrations of endogenous IGF-I were determined by RIA according to previously established methods (47, 69) using recombinant trout IGF-I and anti-barramundi IGF-I antiserum (GroPep). All RIA analyses were run in triplicate. Interas-say variation was 10.9% and 12.5% for IGF-I and GH, respectively. Plasma concentrations of recombinant human IGF-I were determined in duplicate for the 14-day FD ϩ IGF-I group as well as eight random samples from the 14-day FD ϩ saline group with use of a commercially available human IGF-I ELISA kit (R & D Systems, Minneapolis, MN) according to the manufacturer's protocol. The ELISA did not demonstrate cross-reactivity with recombinant rainbow trout/salmon IGF-I (GroPep) at Յ9 ng/ml.
Real-time RT-PCR. mRNA abundance was quantified using realtime RT-PCR. Tissues were frozen in liquid nitrogen immediately after collection and stored at Ϫ80°C until sample processing. For RNA isolation, 50 -100 mg of tissue were homogenized in 1 ml of TRIzol (Invitrogen, Carlsbad, CA) with a 5-mm steel bead in a TissueLyzer (Qiagen, Valencia, CA), and RNA was isolated according to the manufacturer's (Invitrogen) suggested standard protocol. The RNA pellet was resuspended in nuclease-free water and digested with DNase (Promega, Madison, WI) according to the manufacturer's protocol. Residual DNase was removed by a second round of TRIzol extraction, and RNA was isolated as previously described. The RNA was quantified, and the quality was estimated using the ratio of absorbance at 260 nm to absorbance at 280 nm. RNA (2 g) was reverse transcribed using random primers (Invitrogen) and Maloney's murine leukemia virus (Promega) according to the manufacturer's protocol. cDNA was diluted 1:4 with nuclease-free water, and 2 l were used in a 15-l PCR with 7.5 l of 2ϫ SYBR Green Master Mix (Applied Biosystems, Foster City, CA), 833 nM forward primer, and 833 nM reverse primer ( Table 1 ). The real-time PCR was performed with a sequence detection system (model 7900, Applied Biosystems) using a two-step PCR procedure with the following protocol. Temperature was held at 50°C for 2 min and then at 95°C for 10 min, 40 PCR cycles were completed at 95°C (15 s) and 60°C (1 min), and then melt curve analysis was carried out to confirm a single PCR product per reaction. In the present study, ␤-actin cycle threshold (C t) values remained stable across experimental treatments; therefore, ␤-actin was used as a reference gene, inasmuch as it has been utilized in previous rainbow trout feed deprivation trials (32, 43, 60) . Real-time PCR data were analyzed using the efficiency-corrected relative expression method (55) .
Sample preparation for enzyme assays. A 20% muscle homogenate was made using a Dounce homogenizer and ice-cold buffer (50 mM HEPES, 1 mM DTT, and 0.1 mM EDTA, pH 8.0). Samples were centrifuged for 30 min at 19,000 g (4°C), and the supernatant was retained. Protein concentration of the supernatant was determined using the Bradford method (Pierce, Rockford, IL) with bovine serum albumin (Pierce) as a standard. All kinetic assays were fluorometric and completed using a Wallac Victor 2 plate reader (PerkinElmer, Waltham, MA).
20S proteasome assay. Proteasome activity was determined using a 20S proteasome activity kit according to the manufacturer's instructions (Alexis Biochemicals, San Diego, CA). Briefly, 25 g of protein were added to 1ϫ cold supplied reaction buffer containing 0.03% SDS for a total volume of 50 l in a well of a 96-well plate. N-succinyl-Leu-Leu-Val-Tyr-aminomethylcoumarin in DMSO was added to a final concentration of 10 M. The plate was rotated in a 14°C incubator for 5 min. Fluorescence was monitored over 10 min (excitation at 380 nm and emission at 460 nm).
Calpain assay. Calpain activity was determined according to kit instructions (BioVision, Mountain View, CA). Briefly, 25 g of protein were added to the supplied extraction buffer for a final volume of 85 l in the well of a 96-well plate. After addition of 10 l 10ϫ reaction buffer and 5 l of calpain substrate (acetyl-Leu-Leu-Tyraminotrifluoromethylcoumarin), the plate was rotated for 5 min at 14°C. Fluorescence was then monitored over 5 min (excitation at 400 nm and emission at 505 nm).
Caspase-3 assay. Caspase-3 activity was determined according to kit instructions (BioVision). Briefly, 25 g of protein were added to the supplied lysis buffer for a final volume of 50 l in the well of a 96-well plate. After addition of 50 l of 2ϫ reaction buffer and 5 l of 1 mM Asp-Glu-Val-Asp-aminotrifluoromethylcoumarin substrate, the sample was rotated at 14°C for 5 min. Fluorescence was monitored over 5 min (excitation at 400 nm and emission at 505 nm).
Statistical analysis. 3-MH concentrations, percent weight loss, and gene expression data were transformed before statistical analysis. 3-MH concentrations were transformed using log 10 to create equal variances between treatment groups. For percent dry weight, fat, and protein loss, a constant was added to all values to eliminate negative percentages before data were converted to proportions. Next, the square root of the proportion and an arcsine calculation were performed before statistical analysis. Fold changes in gene expression were log 2 transformed to normally distribute data. A paired t-test was used to detect differences in initial wet weight vs. final wet weight. ANOVA with PC-SAS (version 9.1) general linear models procedure was used to detect main effects of treatment and family and to test for treatment-by-family interactions. In the absence of a treatment-byfamily interaction, independent variables were pooled to represent the main effect of treatment or family. In the event of a significant F value, Fisher's least significant difference procedure was used for means comparisons. For family comparisons, initial weights were used as a covariate for weight loss analysis. Interactions were tested between the covariate and treatment effect, and then they were tested for a covariate effect. Pearson product-moment correlations were used to detect correlations between percent weight loss and gene expression values. Values are means Ϯ SE. Differences were considered significant at P Ͻ 0.05.
RESULTS
Weight loss. Main effects of feed deprivation on body weights are shown in Figs. 1A and 2A. As expected, fish fasted for 28 days lost significantly more wet weight, dry weight, fat, and protein than those fasted for 14 days (Fig. 1, B and C) . There were no significant differences in weight loss variables between the 14-day FD group and the 14-day FD ϩ saline group. Wet weight loss was reduced by 16% in the 14-day FD ϩ IGF-I group compared with the 14-day FD ϩ saline group, but, despite similar trends in mean values, there were no detectable differences in dry weight or fat loss (Fig. 2, B and  C) . In addition, there was no effect of IGF-I on protein loss (Fig. 2, B and C) . Proximate composition was not affected by feed deprivation or IGF-I treatment and, pooled across all treatments, averaged 29.5 Ϯ 0.1, 9.7 Ϯ 0.1, and 17.4 Ϯ 0.05 g/100 g body wt for dry matter, fat and crude protein, respectively. The contribution of fat and protein loss to the total amount of dry weight loss was not different among any treatments (data not shown).
The main effect of family on weight loss in the 28-day FD group is shown in Table 2 . Although there were differences in initial family weights, an analysis of covariance indicated that initial weight had no effect on variables of weight loss. Family 169 lost the most wet weight but was not different from the remaining seven families with respect to dry weight, fat, or protein loss (Table 2) . On an individual fish basis, there was a positive correlation between wet and dry weight loss (P Ͻ 0.05, R 2 ϭ 0.25), wet weight and protein loss (P Ͻ 0.05, R 2 ϭ 0.17), and wet weight and fat loss (P Ͻ 0.05, R 2 ϭ 0.10). Despite the overall IGF-I amelioration of weight loss, four of the eight families did not exhibit reduced wet weight loss with IGF-I treatment (Fig. 3) .
3-MH. 3-MH is a product of myofibrillar protein degradation. 3-MH concentration in muscle, plasma, and urine has been used as an index of muscle turnover in mammals (4, 24, 76) , birds (19, 63) , and fish (1, 73). 3-MH concentrations were reduced in the 14-day FD group compared with the day 1 group (Table 3) . 3-MH concentrations were higher in the 28-day FD group than in the day 1 group. Compared with saline-treated fish, IGF-I treatment did not affect 3-MH concentrations. There was no effect of family, nor was there a family-by-treatment interaction, for 3-MH concentrations.
Plasma GH and IGF-I. Treatment effects on plasma concentrations of GH and endogenous IGF-I are shown in Fig. 4 . Feed deprivation increased plasma GH, but GH was not affected by IGF-I treatment. IGF-I concentrations were decreased after 14 days of feed deprivation and were reduced further after 28 days of feed deprivation. Although IGF-I concentrations were significantly lower in the 14-day FD ϩ saline group than in the 14-day FD group, they were not different from the 14-day FD ϩ IGF-I group. Human IGF-I concentration in the 14-day FD ϩ IGF-I group averaged 22.3 Ϯ 2.5 ng/ml. Despite the absence of ELISA cross- Values are means Ϯ SE. FD, feed deprived; GH, growth hormone; IGF-I, insulin-like growth factor-I. Means within a column with superscripts without a common letter differ (P Ͻ 0.05). reactivity with recombinant trout IGF-I, the background reading of plasma from the 14-day FD ϩ saline group was equivalent to 10.1 Ϯ 0.6 ng/ml human IGF-I. Therefore, the actual human IGF-I concentration in the 14-day FD ϩ IGF-I group may be lower than the reported 22.3 ng/ml. The main effect of family on IGF-I concentrations in the 28-day FD group is shown in Table 2 . Within this data set, there were no correlations between family averages of plasma GH and IGF-I or between hormone concentrations and weight loss variables. However, on an individual basis, there was a negative correlation between plasma IGF-I and percent wet weight loss in the 14-day FD (P Ͻ 0.001, R 2 ϭ 0.28) and 28-day FD (P Ͻ 0.001, R 2 ϭ 0.42) groups. Gene expression. Treatment effects on expression of proteolytic genes in white muscle are shown in Table 4 . Feed deprivation affected mRNA abundance of transcripts involved in the four proteolytic pathways. In the ubiquitin-proteasome pathway, the abundance of muscle atrophy F-box/atrogin-1 (MAFbx) mRNA increased 532% and 1,216% in fish fasted for 14 and 28 days, respectively. Proteasome subunit R mRNA exhibited transient downregulation only after 14 days without feed. Cathepsin mRNA abundance was similar between the short and long isoforms, with a 45-75% increase in expression during feed deprivation. Feed deprivation-induced regulation of caspase expression varied among caspase transcripts. Abundance of caspase-3 mRNA was decreased ϳ30% across both time periods, and caspase-8 mRNA exhibited a transient 19% reduction after 14 days of fasting. Components of the calpain pathway were also differentially regulated by feed deprivation, with the mRNA abundance of the calpain microsubunit decreasing by 30 -37%. During fasting, transcript abundance of the calpastatin short isoform increased by 69 -104%. Expression of the calpastatin long isoform mRNA was increased 98% only after 28 days of feed deprivation. Together, these data suggest that, in white muscle, transcriptional regulation of proteolytic genes explains, in part, changes in protein degradation during periods of fasting.
The strongest effects of IGF-I on expression of proteolytic genes in white muscle were in the ubiquitin-proteasome and cathepsin pathways (Table 5) . Treatment with IGF-I reduced the upregulation of MAFbx and reduced the expression of proteasome subunit A and R mRNAs. IGF-I prevented the increase in transcript abundance for cathepsins D and L. In addition, IGF-I slightly reduced the downregulation of caspase-8 expression.
The main effect of family on percent change in mRNA abundance after 28 days of feed deprivation is shown in Table 6 . Signif- Families were pooled for treatment means Ϯ SE. 3-MH, 3-methylhistidine; RFU, relative fluorescence units. Means within a column with superscripts without a common letter differ (P Ͻ 0.05). Families were pooled for treatment means Ϯ SE; n ϭ 48 for each gene product. *Significant difference from 14-day FD (P Ͻ 0.05). †Significant difference from fish harvested on day 1 (P Ͻ 0.05).
icant differences between families were detected for MAFbx, proteasome subunit A, and the calpastatin long isoform, supporting the presence of genetic variation in the fasting response.
Correlations between family means for percent change in gene expression and weight loss after 28 days of feed deprivation are shown in Table 7 . Correlations were observed between family wet weight loss and changes in gene expression only in families subjected to 28 days of feed deprivation. Data for proteasome subunit R, cathepsin L, and caspase-9 indicate that families exhibiting higher gene expression values also demonstrate a greater weight loss after 28 days of feed deprivation (Table 7) . Similar trends (0.05 Ͻ P Ͻ 0.10) occur for proteasome subunit A, cathepsin D, and cathepsin L expression. Correlations between gene expression and weight loss were not observed after 14 days of feed deprivation or during treatment with IGF-I or saline (data not shown). In addition, correlations between genes within and among proteolytic pathways were observed after 14 days (data not shown) and 28 days (Table 7) of fasting. The majority of these correlations were observed between genes in the ubiquitinproteasome and cathepsin pathways, as well as with caspase-8. Together, these data suggest that regulation of these pathways is integrated in a way that supports a coordinated physiological response to feed deprivation in rainbow trout. However, a potential caveat to this conclusion occurs when Bonferroni corrections are applied for the correlations in Table 7 ; then only P Յ 0.0011 is significant. With this correction, only the correlation between proteasome A and cathepsin L remains significant, which potentially alters the impact of our findings. There were no correlations between family averages of GH or IGF-I and gene expression levels (data not shown). However, for individual fish within the 28-day FD group, there were negative correlations between plasma IGF-I and MAFbx expression (P ϭ 0.048, R 2 ϭ 0.10) and plasma IGF-I and proteasome R expression (P ϭ 0.044, R 2 ϭ 0.15). Proteolytic activity. Treatment effects on proteolytic activities in white muscle are shown in Table 3 . Activity of the proteasome increased in fish treated with saline, but not in fish treated with IGF-I. Feed deprivation decreased calpain activity but did not affect caspase-3 activity. No family effects were observed for any proteolytic activities.
DISCUSSION
Wet and dry weight loss data indicate that, across all families, fish lost more weight between days 1 and 14 of fasting than between days 15 and 28 of fasting. Metabolic rates decrease during feed deprivation in fish (33, 42) ; therefore, the reduction in metabolic rate, and consequently the caloric requirement, would result in reduced nutrient mobility and lead to a reduction in the rate of weight loss. This concept is supported by a previous observation in rainbow trout of a progressive reduction in the rate of weight loss throughout a 56-day fasting period (40) . The percentage of fat lost during the second 2-wk period of fasting nearly doubled compared with that during the first 2-wk period, suggesting that, as previous studies support (35, 58) , glycogen stores, hepatic lipids, and perivisceral fat are utilized in preferential order as energy substrates during feed deprivation in fish.
In fasting rainbow trout white muscle, the fractional rate of protein degradation increases during the first 14 days and decreases thereafter (40) . 3-MH data in the present experiment suggest that myofibrillar degradation was reduced during the first 2-wk period of fasting and increased during the second 2-wk period. In the aforementioned study (40) , the fractional rate of protein degradation was calculated using protein synthesis rates determined by radiotracer methodology and the specific growth rate. This approach assumes that the overall change in body weight approximates white muscle loss, but it is more likely that utilization of nutrient stores during feed deprivation occurs in a preferential manner, with the consumption of perivisceral fat and glycogen stores preceding mobilization of protein. In this case, the assumption would force the overestimation of white muscle fractional rates of protein degradation, which may contribute to the discrepancy between the present data and previously published data (40) .
Consistent with previous research (9, 26, 77) , feed deprivation increased plasma concentrations of GH and reduced plasma concentrations of IGF-I. In rainbow trout, IGF-I is known to inhibit GH release from the pituitary (7); therefore, the reduction of IGF-I during feed deprivation likely contributes to the elevation of plasma GH. Although treatment with IGF-I did not significantly reduce GH concentrations below the level observed after saline treatment, IGF-I-treated fish exhib- Values are means Ϯ SE; n ϭ 48 across treatments for each gene product. *Significant difference from 14-day FD ϩ saline (P Ͻ 0.05). †Significant difference from fish harvested on day 1 (P Ͻ 0.05).
ited the numerically lowest GH concentrations. GH release is influenced by a variety of factors (79) , which may have diminished the effects of human IGF-I on GH release. The reduction of plasma IGF-I during feed deprivation is likely partially responsible for the associated increase in protein catabolism. This has been demonstrated in previous rodent studies (3, 51) , but in this study the mechanisms responsible for regulation of protein catabolism were also investigated. Although IGF-I treatment did not elevate plasma IGF-I concentrations to levels comparable those in the fed state, IGF-I treatment did partially offset the feed deprivation-induced reduction of IGF-I, the effects of which were observed as differences in weight loss and expression of proteolytic genes. In salmonids, 0.3-0.4% of total IGF-I is free in solution (68), but the extent to which human IGF-I interacts with and regulates abundance of IGF-binding proteins in trout has not been characterized. These potential effects may have contributed to the amount of free IGF-I that is available for receptor binding and the subsequent regulation of gene expression in the present study.
Feed deprivation induces muscle atrophy, which is characterized by loss of muscle protein (6, 30, 33) , and changes in the expression of proteolytic genes reflect regulation of the involved pathways. Evidence in mammals suggests that the ubiquitin-proteasome pathway is responsible for the majority of protein degradation during muscle atrophy (36, 38) . The observed upregulation of the ubiquitin ligase MAFbx during fasting is consistent with induced muscle atrophy, as previously reported in trout (57, 65) and other mammalian models of muscle wasting (8, 62) . A previous study in rainbow trout (65) suggests that the upregulation of MAFbx increases the potential for ubiquitination and protein degradation via the proteasome. In the present experiment, the increase in MAFbx expression after 2 wk of feed deprivation implies that the capacity for protein degradation is elevated during this time; however, the reduction of plasma 3-MH concentrations after the 2-wk treatment suggests that proteolysis was decreased. 3-MH is indicative of myofibrillar protein degradation and would not reflect an increase in cytosolic protein degradation. Nevertheless, after 4 wk of feed deprivation, MAFbx expression and 3-MH concentrations suggest an increase in cytosolic and myofibrillar protein degradation.
Treatment with IGF-I during feed deprivation inhibited the increase in MAFbx mRNA abundance and reduced expression of proteasome subunits A and R, which likely results in less protein degraded via ubiquitination and proteasome activity. The ability of IGF-I to inhibit upregulation of the proteasome system (21, 39, 59, 64) by signaling through the PI3K/Akt pathway to inactivate FOXO transcription factors and prevent upregulation of MAFbx expression (62) has been established in mammalian systems. It has been shown that IGF-I can stimulate the PI3K/Akt signal transduction pathway in trout myocytes (10) , but the results presented here are the first to show effects of IGF-I on MAFbx expression in rainbow trout. Activation of ubiquitin ligases similar to MAFbx is essential for muscle atrophy (8) ; therefore, it is likely that the IGF-Iinduced inhibition of MAFbx upregulation is a mechanism partially responsible for the reduced weight loss observed during feed deprivation in the present study. This idea is supported by the negative correlation between plasma IGF-I and 1) percent wet weight loss, 2) MAFbx expression, and 3) proteasome subunit R expression. In addition, a lower level of proteasome activity in IGF-I-treated fish than in salinetreated fish suggests that the protein-sparing actions of IGF-I are exerted throughout the entire ubiquitin-proteasome system. The cathepsin-containing lysosomal pathway is a second route of protein degradation that was upregulated in white muscle during feed deprivation. This observation is consistent with previous results from fasted trout (57), rats (38) , and salmon (46) . In mammals, cathepsin activation during muscle atrophy occurs via a reduction of signaling through the PI3K/ Akt signal transduction pathway, as described for the upregulation of the ubiquitin-proteasome system (81), which allows for a coordinated regulation of proteolysis. Thus the inhibition of cathepsin upregulation by IGF-I in the present experiment is consistent with this concept. In addition to nonselective degradation, lysosomes also contain a selective pathway of protein degradation that is activated during feed deprivation and functions to degrade proteins containing the KFERQ sequence motif (15) , which is identified in ϳ30% of cytosolic proteins (16) . Myofibrillar proteins, which make up 70 -77% of protein in skeletal muscle, do not contain this sequence motif. In addition, inhibition of lysosomal function does not reduce myofibrillar degradation during muscle atrophy in rats (25, 41) . If the same holds true for trout, the IGF-I-induced reduction of cathepsin expression may not be sparing muscle fiber but, rather, soluble cytosolic proteins.
The decrease in caspase-3 transcript observed in the present experiment is different from the observation of Nakashima et al. (48) in muscles from chicks fasted for 24 h. In contrast to salmonids, chicks are not accustomed to surviving extended periods of feed deprivation, so the ability of the trout to prevent upregulation of apoptosis in skeletal muscle during fasting likely enables preservation of muscle protein. The absence of widespread effects of IGF-I on caspase mRNA abundance suggests that the ability of IGF-I to reduce weight loss during short-term fasts is likely not the result of a reduction of apoptosis in white muscle. However, previous research in rainbow trout oocytes (80) and rodent muscle (18) and intestinal cells (20) suggests that IGF-I is able to inhibit apoptosis by decreasing caspase activation.
In the present experiment, calpain transcript abundance was decreased, whereas transcript abundance of the inhibitory calpastatins was increased with feed deprivation. The upregulation of calpastatins is consistent with previous research in rainbow trout (60) . Although the decrease in calpain activity in the present experiment is consistent with the changes in transcript abundance, it contradicts previous observations in muscle from fasted trout (60) . Results from previous research in rodents (21, 78) and rodent cell culture (31, 39) have been inconsistent with respect to the effects of IGF-I on calciumdependent proteolysis by calpains.
The overall effects of feed deprivation and IGF-I on expression of genes within proteolytic pathways in rainbow trout white muscle are shown in Fig. 5 . In summary, the feed deprivation-induced increase in MAFbx and cathepsin gene expression was ameliorated by IGF-I treatment, suggesting that the reduction in circulating IGF-I during feed deprivation affects proteolysis by upregulating the expression of these genes. Regulation of proteasome components and caspase-8 was also observed (Fig. 5) , indicating an interaction of feed deprivation and IGF-I in expression of genes within multiple proteolytic pathways.
The family-dependent effects of saline and IGF-I treatment on wet weight loss did not translate into similar interactions in gene expression. In addition, the absence of an effect of IGF-I on protein loss suggests that the IGF-I weight loss response is not solely dependent on regulation of proteolytic gene expression. The effects of IGF-I on protein abundance, posttranscriptional modifications, or indexes of protein synthesis were not examined, and the effects of IGF-I on these mechanisms could certainly contribute to the observations regarding variables of weight loss.
Family averages in 28-day wet weight loss were correlated with changes in abundance for several proteolytic transcripts. After 14 and 28 days of feed deprivation, there were correlations between family means of changes in gene expression within and among proteolytic pathways. In addition, these correlations suggest that regulation of multiple genes within proteolytic pathways is coordinated in a way that supports a similar physiological response. These correlations imply that there is genetic variation in the physiological pathway (e.g., regulation of transcript abundance) connecting feed deprivation to proteolysis and weight loss. Correlations between individual values, but not family averages of plasma IGF-I and gene expression and weight loss, suggest that the genetic variation that results in differences in IGF-I concentrations may not be extended to similar changes in transcript abundance.
Perspective and Significance
In summary, this study demonstrates that the effects of feed deprivation on the proteasomal and lysosomal pathways in rainbow trout white muscle are similar to those in mammals, in that they are mediated by decreases in plasma IGF-I. In addition, the absence of a notable upregulation of calcium-and caspase-dependent proteolytic pathways may contribute to the ability of salmonid species to avoid the rapid weight loss associated with feed deprivation in warm-blooded animals. Family variations in gene expression that correlate with weight loss imply that genetic variation leading to differences in regulation of proteolytic genes serves as a mechanism contributing to family differences in fish weight loss in response to feed deprivation. These findings suggest that variations in rates and regulation of protein degradation may contribute to differences in growth performance among rainbow trout families. Further research into the mechanisms responsible for the regulation of protein turnover is critical in rainbow trout 1) for a better understanding of how nutrients are utilized and 2) for the development of new strategies aimed at improving growth and nutrient utilization.
